Mre11 is a critical participant in upkeep of nuclear DNA, its repair, replication, meiosis and maintenance of telomeres. The upkeep of mitochondrial DNA (mtDNA) is less well characterized and whether Mre11 participates has been unknown. We previously found that high NaCl causes some of the Mre11 to leave the nucleus, but we did not then attempt to localize it within the cytoplasm. In the present studies we find Mre11 in mitochondria isolated from primary renal cells and show that the amount of Mre11 in mitochondria increases with elevation of extracellular NaCl. We confirm the presence of Mre11 in the mitochondria of cells by confocal microscopy and show that some of the Mre11 colocalizes with mtDNA. Further, crosslinking of Mre11 to DNA followed by Mre11 immunoprecipitation directly demonstrates that some Mre11 binds to mtDNA. Abundant Mre11 is also present in tissue sections from normal mouse kidneys, colocalized with mitochondria of proximal tubule and thick ascending limb cells. To explore whether distribution of Mre11 changes with cell differentiation we used an experimental model of tubule formation by culturing primary kidney cells in Matrigel matrix. In non-differentiated cells Mre11 is mostly in the nucleus, but it becomes mostly cytoplasmic upon cell differentiation. We conclude that Mre11 is present in mitochondria where it binds to mtDNA and that the amount in mitochondria varies depending on cellular stress and differentiation. Our results suggest a role for Mre11 in the maintenance of genome integrity in mitochondria in addition to its previously known role in maintenance of nuclear DNA.
Introduction
The Mre11 complex has three components: Mre11, Rad50, and Nbs1. It is involved in pathways critical for DNA damage repair, DNA replication, meiosis and telomere maintenance. The complex senses breaks in DNA, signals for activation of cell cycle checkpoints and plays a central role in the repair of double-strand breaks (DSBs) by both non-homologous end joining and homologous recombination. In addition to DNA repair the Mre11 complex prevents formation of DSBs during DNA replication in both normal and stressed cells (reviewed in (4)), and a recent study demonstrated that the complex is also involved in base excision repair (38) . Mre11 is the core member of the complex. It interacts both with itself and with Rad50 and Nbs1.
Mre11 has endonuclease and 3'-5' exonuclease activities that process DNA ends for recognition by other DNA repair and cell cycle checkpoint proteins (23; 27; 31) . In addition to its role in DNA processing, the Mre11 complex tethers DNA (8; 45) . It has been proposed that Mre11 complex has an essential role in the repair of replication fork-associated lesions, which prevents accumulation of DNA damage (reviewed in (4; 42) . Considering its broad activities, the Mre11 complex is recognized to play a central role in all aspects of DNA metabolism and in maintenance of genomic stability (44; 45) . The central role of the Mre11 complex in these processes is further supported by observations that null mutations in any of its three proteins leads to embryonic lethality in mice (49) . Also, mutation in humans of any of the genes encoding the components of Mre11 complex lead to Nijmegen breakage syndrome and ataxia-telangiectasia like disorder, which are characterized by checkpoint deficiencies, chromosome instability, radio-resistant DNA synthesis, hypersensitivity to ionizing radiation and increased incidence of cancer (35; 39) .
NaCl is a major solute in extracellular fluids. In peripheral blood it accounts for most of the osmolality, which normally is approximately 300 mosmol/kg. In renal medullary interstitial fluid, however, NaCl normally is much higher, serving there to drive the urinary concentrating mechanism. Such high NaCl increases DNA breaks, not only in the renal medulla (13) , but also in a variety of cells in culture (11; 11; 24) , in C.elegans (14) and in Marine Invertebrates (15) . In addition to increasing DNA breaks, high NaCl 4 also inhibits the repair of DNA breaks caused by high NaCl and other stresses, like radiation, and alters the function of DNA damage response proteins (10; 11).
Mre11 has been most studied as a component of the nuclear DNA repair network and is generally thought of as a nuclear protein. However, Mre11 has also been observed in the cytoplasm. Thermal stress (50) and high NaCl (9; 13) cause translocation of some of the nuclear Mre11 into the cytoplasm. However, the location and function of Mre11 in the cytoplasm has remained unknown. Since Mre11 is present in the proteome of yeast mitochondria (36) , we suggested that it might also be present in mammalian mitochondria. Also, a possible role for Mre11 in mitochondria was suggested by observations that Mre11 binds to broken nuclear DNA and processes it for repair (40) and that mitochondria contain DNA (mtDNA) that is constantly being damaged by the reactive oxygen species (ROS) produced there (1; 3; 46) . Mammalian mitochondria possess DNA repair pathways similar to those in the nucleus, namely base excision repair, mismatch repair, nonhomologous end joining and homologous recombination (reviewed in (28) . Although the pathways have been identified in mitochondria, the molecular mechanisms involved are less well characterized than in the nucleus. Human mitochondria contain multiple copies of a 16.5-kb circular DNA that encodes 13 polypeptides required for oxidative phosphorylation, 22 tRNAs, and two rRNAs. All other mitochondria proteins are encoded in nuclear DNA and post translationally imported into mitochondria (30) . The multiple mtDNA molecules are organized into discrete protein-DNA complexes called nucleoids ((21; 37) .
In the present studies we find that Mre11 is present in the mitochondria of mammalian cells, both in culture and in the mouse kidney in vivo. We demonstrate that within mitochondria a fraction of Mre11 colocalizes with mitochondria nucleoids and binds to mtDNA. We suggest that Mre11 plays a role in the maintenance of mitochondrial genome integrity similar to its function in maintenance of nuclear DNA.
Materials and Methods
Cell cultures. mIMCD3 cells: Subconfluent cultures of mIMCD3 cells (33) were used in passages [13] [14] [15] [16] [17] and were grown in medium containing 45% DMEM Low Glucose (Invitrogen, Carlsbad, CA), 45% F12
Coon's Modification (#F6636, Sigma), 10% fetal bovine serum (HyClone, Logan, UT), 2 mM L-glutamine, 10,000 units/ml penicillin G and 10,000 units/ml streptomycin sulfate. Osmolality of control medium, was 300-320 mosmol/kg. Hypertonic medium, prepared by adding NaCl, was substituted for the control medium, as indicated. Cells were incubated at 37°C and gassed with 5% CO 2 , 95% air.
Preparation of mouse kidney primary cells:
Whole kidneys from one 2-3 months old mouse were cut in 2X2 mm pieces and digested in DMEM (without phenol red (Invitrogen, Carlsbad, CA) containing 10% FBS (HyClone, Logan, UT), 2 mM L-glutamine, 10,000 units/ml penicillin G, 10,000 units/ml streptomycin sulfate and supplemented with 2mg/ml Collagenase B (Roche Applied Science). The pieces of renal tissue were incubated for 90 min at 37 °C in a humidified incubator (5% CO 2 , 95% O 2 ). The tissue suspension was mixed every 15 minutes by pipetting up and down 10 times. The resulting suspension was centrifuged at 160g for 1 min and washed 3 times with DMEM containing 10% fetal bovine serum, 2 mM L-glutamine, 10,000 units/ml penicillin G, 10,000 units/ml streptomycin sulfate. The cell suspension obtained from two kidneys was plated in four 10-cm plastic dishes. After they became confluent (3-4 days), cells were harvested by trypsinization and used for experiments.
Growing mouse kidney primary cells on Matrigel Matrix. Primary kidney cells, prepared as described above, were grown in a 1 mm layer of Matrigel Basement Membrane Matrix (#356234, BD Biosciences, Bedford, MA. After 7 days some cells formed tubules and other cells remained undifferentiated. Cells and tubules were recovered from the Matrigel Matrix using BD Cell Recovery Solution (#354253, BD Biosciences, Bedford, MA) and stained for Mre11 as described below. Also, some cells were exposed to high NaCl media for 1h before recovery from the Matrigel.
Mice were purchased at age of 2-3 months from Taconic (129S6, Model no.129SVE, Taconic Farms, Inc, Hudson, NY) and housed in the NHLBI animal facility. All mouse studies were done under approved National Heart, Lung, and Blood Institute animal study protocol and mice were housed in an Association for Assessment and Accreditation of Laboratory Animal Care-accredited facility.
Immunohistochemical detection of Mre11 in paraffin kidney sections. Mouse kidneys were fixed overnight in 4% paraformaldehyde at 4°C, and then embedded in paraffin. Sections were cut and mounted on silanized slides by American Histolabs (Gaithersburg, MD). Sections were stained with anti-Mre11 (#4895,Cell Signaling, Danvers, MA), as previously described (12) . A Nikon E800 Widefield Microscope was used for photography. In-situ fractionation before Immunofluorescent detection of Mre11. The cells, grown on 8 well slides, were fixed with 2% formaldehyde, then treated with 0.1% or 1% of Triton-X100 in PBS for 10min. 0.1% Triton-X100 permeabilizes plasma membranes; 1% Triton-X100 also extracts some soluble cytoplasmic and nuclear proteins. The cells were immunostained with rabbit Anti-Mre11 (#4895, Cell Signaling, Danvers, MA) as described above. 
Immunofluorescent detection of

Results
Occurence of Mre11 in mitochondria. We previously found that high NaCl treatment of cell lines, including mIMCD3 cells, mouse embryonic and dermal fibroblasts (9), Hela cells (11), Cos7 and HT116 cells (unpublished observations), causes some nuclear Mre11 to translocate to cytoplasm. In the present studies, in order to test whether Mre11 translocation into cytoplasm after treatment with high NaCl extends beyond immortalized cells in culture, we tested primary kidney cells. We find that Mre11 is translocated to the cytoplasm after treatment of primary mouse kidney cells with high NaCl (Fig 1A and Fig 1B upper panel), similar to the result in transformed and/or immortalized cells. In addition, even when NaCl is not high (i.e. at 300 mosmol/kg), some Mre11 already exists in the cytoplasm, arranged in a punctuate pattern (Fig 1) .
After treatment with high NaCl, the amount of Mre11 in cytoplasm increases, leading to diffuse bright staining. To determine whether after treatment with high NaCl, Mre11 in cytoplasm is soluble or confined within cytoplasmic bodies, we performed in-situ fractionation. We extracted soluble proteins by treatment of cells grown on slides with 1% Triton X100. This leaves punctuate staining of Mre11 in the cytoplasm ( Fig   1B, lower panel) . These results suggested that Mre11 exists in the cytoplasm within organelles, and that, after treatment with high NaCl, additional Mre11 translocates from nucleus to cytoplasm, where it exists both freely dissolved and confined within organelles. In the studies that follow we identify mitochondria as a cytoplasmic organelle containing Mre11.
We screened by Western analysis for Mre11 among proteins extracted from mitochondria isolated with a Mitochondria Isolation Kit. Mitochondria from primary renal cells apparently contain Mre11, and its abundance apparently increases within 2 hours after NaCl is increased (Fig 2A) . However, this result is of itself inconclusive because the mitochondrial preparation is contaminated with proteins from other organelles, including Golgin-97 (from Golgi) and Histone H2A (from chromatin) (Fig 2B) . Therefore, we used confocal immunofluorescence microscopy to test further for Mre11 in mitochondria. Mre11 colocalizes 13 with Anti-Mitochondrial Antigen both at 300 and 500 mosmol/kg (Fig 3) , confirming that it is present in mitochondria. When NaCl is elevated, some Mre11 is also seen in cytoplasm outside of mitochondria (Fig 3   lower panel) , consistent with the Western Blot result (Fig 2A) .
Location of Mre11 within mouse kidney cells in vivo.
Immunohistochemical analysis of Mre11 in paraffin embedded sections from normal mouse kidney shows subcellular localization of Mre11 that differs between cell types (Fig 4) . Some cells have only nuclear staining, while others exhibit strong cytoplasmic staining (Fig 4A) . Double staining for Mre11 and mitochondria in frozen kidney sections shows that cytoplasmic localization of Mre11 occurs mostly in mitochondrial-rich cells and that the Mre11 colocalizes with mitochondria ( Fig 4B,C) . Matrix, which at room temperature polymerizes to produce biologically active matrix material resembling the 14 mammalian cellular basement membrane. When primary kidney cells are grown in Matrigel Matrix, some differentiate and form tubules, while others continue to proliferate. We analyzed the subcellular location of Mre11 at different stages of differentiation and at different levels of NaCl (Fig 5) . At 300 mosmol/kg Mre11 is mostly in the nucleus of non-differentiated cells (Fig 5B, left panel) , but it is mostly in the cytoplasm of cells that have formed tubules (Fig 5A, left panel) . These results are consistent with idea that active replication favors retention of Mre11 in the nucleus, but slowing of replication as a result of differentiation favors localization of Mre11 in mitochondria where active metabolic processes can damage mtDNA. When NaCl is increased, Mre11 occurs in the cytoplasm of both non differentiated and differentiated cells (Fig 5A,   5B , right panels). High NaCl increases reactive oxygen species (ROS) of mitochondrial origin (47; 48). We suggest that high NaCl causes Mre11 to move into mitochondria in response to the resulting mtDNA damage.
Effect of mtDNA damage on colocalization of Mre11 with mitochondrial DNA. To test the possibility that Mre11 participates in the response to mitochondrial DNA damage, we visualized mitochondrial Mre11 and DNA by confocal microscopy in mIMCD3 cells (Fig 6) . Mre11 staining forms foci within mitochondria (Fig 6A) . mtDNA is organized into discrete protein-DNA complexes called nucleoids (21; 37), which appear in cytoplasm as relatively large particles (DAPI staining, Fig 6B) . Some Mre11 foci colocalize with mtDNA (Fig 6B) , consistent with participation of Mre11 in mtDNA processing. Bleomycin induces double-strand breaks in mitochondrial DNA, which the mitochondria repair within several hours (29; 34) . We determined the effect of bleomycin on the location of Mre11 within mitochondria and the degree of its colocalization with mtDNA. (Fig 6C, 6D) . Bleomycin decreases the fraction of mitochondria volume occupied by Mre11 compared to control conditions (Fig 6D, left panel) . Visually Mre11 staining appears in more distinct foci within mitocondria in bleomycin-treated cells compared to control. (Fig 6C) . In addition, bleomycin treatment increased fraction of mtDNA that is colocalyzed with Mre11 (Fig 6D, right panel) . Taken together, our analyses indicates that within mitochondria Mre11 partially colocalizes with nucleoids and bleomycin 15 treatment causes Mre11 to translocate to mtDNA, where it presumably participates in repair of the damage induced by bleomycin. Nevertheless, colocalization of Me11with nucleoids does not prove physical binding of Mre11 to mtDNA and redistribution of Mre11within mitochondria could also be caused by changes in mitochondrial structure after bleomycin treatment. Therefore, we tested more directly for binding of Mre11 to mtDNA.
mtDNA-IP confirms binding of Mre11 to mtDNA. We analyzed binding of Mre11 to mtDNA by method similar to chromatin precipitation (ChIP) but performed on mtDNA. Proteins in isolated mitochondria were crosslinked to mtDNA by formaldehyde, mitochondria were lysed, and Mre11-mtDNA complexes were immunoprecipitated with anti-Mre11. mtDNA in Mre11 immuniprecipitates was quantified by real-time PCR (see Methods and Fig 7A) . We call the method "mtDNA-IP". Some Mre11 is already bound to mtDNA at 300 mosmol/kg, and raising NaCl significantly increases binding of Mre11 to mtDNA (Fig 7B) . However, the increased binding following bleomycin is not statistically significant (Fig 7B) .
Discussion
Mitochondria are known to repair many types of damage to their DNA (26) (17), all of which have been identified in mitochondria.
Our identification of Mre11 adds another. These proteins presumably are involved in maintaining the stability not only of the nuclear genome, but of the mitochondrial genome, as well.
We find Mre11 in mitochondria of unstressed, as well stressed, mammalian cells. The presence even in unstressed cells is not surprising since mitochondria constantly produce reactive oxygen species (ROS), an unavoidable byproduct of oxidative phosphorylation. Proximity to mtDNA could lead to the higher steady state level of oxidative damage in mitochondrial, as compared to nuclear, DNA (1; 22; 46) . Oxidized DNA bases can be a source of DSBs for which function of Mre11 is well studied, because DSBs are generated by the collapse of replication forks when the replication machinery encounters the single strand breaks that are intermediates in repair of oxidative damage (7) . In addition to the well described role of Mre11 in repair of DSBs, it also participates in Base Excision Repair (38) . Base Excision Repair is a major repair pathway for 8-oxoguanine (8-oxo-G) lesions, the form of base damage most frequently induced by hydrogen peroxide, which is produced in mitochondria. Therefore, repair of mtDNA damage is a likely candidate for function of Mre11 in mitochondria. This notion is supported by several observations from our study. First, Mre11 is highly expressed in mitochondria of mitochondrial-rich cells of proximal tubules and thick ascending limbs in normal mouse kidney (Fig 4) , where mtDNA damage could be greater due to the elevated oxidative metabolism in those cells that is associated with rapid production of reactive oxygen species in their mitochondria. Second, Mre11 is mostly in the nucleus of non-differentiated cells, but it is mostly in the cytoplasm of cells that have formed tubules (Fig 5) . These results are consistent with idea that active replication, which increases DNA breaks in nuclear DNA, favors retention of Mre11 in the nucleus, but slowing of replication as a result of differentiation favors localization of Mre11 in mitochondria where active metabolic processes still can damage mtDNA. Third, high NaCl increases Mre11 in mitochondria (Fig 2) .
That also might be caused by increased mtDNA damage since mitochondrial ROS production is increased by high NaCl (47; 48) . Fourth, colocalization of Mre11 with nucleoids within mitochondria (Fig 6) , which bleomycin increases, supports the idea that Mre11 participates in mtDNA metabolism and repair (Fig 6) .
Fifth, Physical binding of Mre11 to mtDNA, demonstrated by mtDNA-IP (Fig 7) , strengthens the inference that Mre11 participates in repair of mtDNA.
We conclude that Mre11 is present in mitochondria where it binds to mtDNA and that the amount in mitochondria varies, depending on cellular stress and differentiation. Our results suggest a role for Mre11 in the maintenance of genome integrity in mitochondria, in addition to its previously known role in maintenance of nuclear DNA.
Perspectives and Significance. Mutations in mtDNA have been linked to a number of human diseases.
Among them are such common pathological conditions as neurogenerative disorders, diabetes mellitus and cancer (reviewed in (16) ). Also, accumulation of damage to the mitochondrial genome is central in the mitochondrial theory of aging (1; 20; 22) . DNA repair serves to reduce accumulation of mutations in mtDNA, but the mechanisms of mtDNA repair are not nearly as well understood as those of nuclear DNA 18 repair. Many questions remain to be answered. Identification of the components of mtDNA repair pathways and understanding the mechanisms of the repair of different types of mtDNA damage will help understand how such pathological states develop and how they can be prevented or delayed. Finding that Mre11, a major contributor to nuclear DNA repair, is associated with mitochondrial DNA is a step in this direction. in situ cell fractionation of the subcellular localization of Mre11. Cells were exposed for 2 hours to high NaCl (final osmolality 500 mosmol/kg) or kept at 300 mosmol/kg, fixed with 2% formaldehyde, then treated with 0.1% or 1% of Triton-X100 in PBS for 10min. 0.1% Triton-X100 permeabilizes plasma membranes; 1% Triton-X100 extracts soluble cytoplasmic proteins. Primary kidney cells were exposed for 2 hours to high NaCl (final osmolality 500 mosmol/kg) or kept at 300 mosmol/kg. The cells were immunostained for Mre11 (green) and Mitochondrial Antigen (red). DNA was stained with DAPI (blue). Mre11 is present in mitochondria (colocalization) both at 300 and 500 mosmol/kg.
Figure legends
When NaCl is high, some of the Mre11 in cytoplasm is separate from mitochondria, consistent with the Western Blot result (Fig 2) . Also see Supplemental Movie. Mre11 is mostly in nuclei at 300 mosmol/kg and translocates to cytoplasm after treatment with high NaCl. Fig 1) . B) osmolality bathing mIMCD cells was increased by adding NaCl or 23 bleomycin (20 µg/ml) was added, as shown. Mitochondria were isolated and mtDNA bound to Mre11 was immunoprecipitated, purified and quantified by RT-PCR as described in A and Methods. Data are presented as mtDNA bound to Mre11 relative to mtDNA in IgG control (3-4 experiments, 8 mtDNA primers in each:
mean ±SEM, N = 24-32, *P < 0.05, t test). Mre11 is bound to mtDNA in controls (300 mosmol/kg) and binding increases when NaCl increases.
